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Pd-coated  manganese  dioxide  catalysts  (Pd@Mn02)  were  synthesized  by  depositing  Pd  on  the  surface 
of  P-Mn02  nanorod  particles  in  aqueous  solutions  at  room  temperature.  TEM,  XRD  and  electrochemical 
characterizations  indicated  that  the  Mn02  nanorods  were  successfully  coated  with  Pd  particles  when  the 
Pd  weight  percentage  was  more  than  4.6%.  The  activities  of  the  Pd@Mn02  catalysts  for  oxygen  reduction 
reaction  (ORR)  were  investigated  using  a  rotating  disk  electrode  (RDE)  and  a  rotating  ring-disk  electrode 
(RRDE).  The  ORR  onset  potentials  on  the  Pd@Mn02  catalyst  shifted  positively  for  more  than  250  mV 
compared  with  the  Mn02  catalyst  without  Pd  coatings.  Both  the  ORR  onset  potentials  and  the  limiting 
current  density  obtained  by  the  RDE  measurements  on  the  Pd@Mn02  catalysts  were  close  to  those  on 
the  Pd  black  catalyst.  The  mass  activity  of  the  Pd@Mn02  catalysts  (normalized  by  Pd  mass)  was  2.5  times 
higher  than  that  of  the  Pd  black  catalyst.  Based  on  the  Tafel  slopes  of  the  Pd@Mn02  catalysts  (which 
is  about  60  mV  dec-1  at  low  overpotentials),  and  based  on  the  fact  that  the  activation  energies  of  the 
Pd@Mn02  catalysts  are  very  close  to  the  activation  energies  of  the  Pd  catalysts,  one  may  conclude  that 
the  small  amount  of  Pd  coating  provides  the  primary  ORR  activity  of  the  Pd@Mn02  catalysts. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Nanostructured  palladium  particles,  because  of  their  high  activ¬ 
ities  toward  oxygen  reduction  reactions  (ORRs),  have  attracted 
much  attention  in  recent  years  as  cathode  catalysts  for  fuel  cell 
applications  [1-3].  In  an  alkaline  media,  Pd  nanoparticle  catalysts 
have  shown  similar  ORR  activities  as  Pt  nanoparticle  catalysts  [4,5] 
and  are  considered  promising  replacements  for  Pt  in  both  tradi¬ 
tional  alkaline  fuel  cells  and  the  recently  developed  solid  alkaline 
fuel  cells  [6-10].  However,  due  to  Pd’s  relatively  low  reserve  on 
earth,  it  is  still  too  expensive  for  practical  fuel  cell  applications. 
Several  studies  have  been  conducted  in  an  effort  to  reduce  Pd 
usage  through  synthesizing  core-shell-like  nanoparticles  with  less 
expensive  metal  cores  and  a  Pd  shell  [11-14]. 

Manganese  dioxide  (Mn02)  has  been  investigated  as  catalysts 
and  applied  in  zinc-air  batteries  and  alkaline  fuel  cells  because 
of  its  unique  electrochemical  properties,  its  low  cost,  and  its 
environmentally  friendly  properties  [15-19].  Mn02  is  a  polymor- 
phoric  material  with  a  wide  variety  of  structures,  e.g.,  the  a, 
(3,  or  7  forms  [20].  The  Mn02  with  different  structures  shows 
different  activities  toward  the  ORR  [21].  Among  them,  p-Mn02 
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is  composed  of  a  single  strand  of  edge-sharing  [Mn06]  octa¬ 
hedron  that  form  a  1X1  tunnel  [20].  The  thermal  stability  of 
|3-Mn02  is  much  better  than  a-Mn02  [22].  In  addition,  p-Mn02 
with  large  crystals  can  be  easily  produced  in  large  quantities. 
Recently,  one-dimensional  p-Mn02  nanoparticles  (nanowires  or 
nanorods)  have  been  synthesized  using  a  hydrothermal  method 
[23-26].  p-Mn02  with  its  unique  nanostructure  is  considered 
one  of  the  promising  materials  for  many  catalytic  applications 
[27,28]. 

The  strong  interaction  between  Mn02  and  Pd  has  been  shown 
to  increase  the  catalytic  activity  of  carbon  monoxide  (CO)  oxida¬ 
tion  [29,30].  It  has  also  been  shown  that  the  mixture  of  Pd  and 
Mn02  has  high  activity  in  the  air  electrode  of  lithium/air  batteries 
[31,32].  As  for  the  ORR,  the  synergetic  effect  between  Mn02  and 
noble  metals  was  reported  by  El-Deab  et  al.  [33]  and  Ding  [34]. 
When  Mn02  was  coated  on  the  surface  of  a  Pt  electrode,  a  signifi¬ 
cant  positive  shift  of  the  onset  potential  of  the  ORR  was  observed, 
as  compared  to  that  on  the  bare  Pt  electrode  [33].  In  this  work, 
we  synthesized  core-shell  structured,  Pd-coated  p-Mn02  nanorod 
catalysts  by  using  an  electroless  deposition  method.  The  ORR  activ¬ 
ities  of  the  Pd@Mn02  catalysts,  as  compared  with  the  Mn02  and  Pd 
black  catalysts,  were  investigated  using  a  rotating  disk  electrode 
(RDE)  and  a  rotating  ring-disk  electrode  (RRDE).  The  performance 
of  the  Pd@Mn02  catalysts  in  solid  alkaline  fuel  cells  was  also  stud¬ 
ied. 
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2.  Experimental 

2.1.  Catalyst  synthesis 

Manganese  dioxide  (p-Mn02)  was  synthesized  using  a 
hydrothermal  method  as  reported  in  Refs.  [35,36].  KMn04  and 
MnS04  (Fisher  Scientific,  USP  grade)  were  used  to  prepare  aque¬ 
ous  solutions  with  concentrations  of  0.1  and  0.6  M,  respectively. 
30  ml  of  the  prepared  KMn04  aqueous  solution  was  added  to  30  ml 
of  the  MnS04  solution  drop  by  drop  at  room  temperature  while  stir¬ 
ring  vigorously  in  a  beaker.  Then,  the  mixture  was  transferred  into 
a  Teflon-lined  autoclave  reactor  (100  ml,  Parr  Instrument  Co.).  The 
autoclave  was  sealed  and  heated  to  140°C  at  a  rate  of  4°Cmin-1 
and  maintained  at  this  temperature  for  12  h  while  continuously 
stirring.  After  completing  the  reaction,  the  autoclave  reactor  was 
cooled  down  to  room  temperature.  The  suspension  thus  obtained 
was  filtered  using  a  Buchner  filter  funnel.  The  filtered  solid  was 
washed  with  ultrahigh  pure  DI  water  (resistivity  of  18  cm-1 ). 
Then,  the  solid  was  dried  overnight  in  an  oven  at  80  °C.  The  ascer¬ 
tainment  of  the  product  as  p-Mn02  using  XRD  is  reported  in  Section 

3. 

Pd-coated  manganese  dioxide  (Pd@Mn02)  was  synthesized  by 
chemically  reducing  the  palladium  precursor  onto  the  Mn02  parti¬ 
cles  as  follows:  (1 )  0.25  g  of  SnCl2  (MP  Biomedicals)  was  dissolved 
into  50  ml  DI  water;  0.2  g  of  the  prepared  Mn02  was  added  to  the 
solution;  the  mixture  was  stirred  for  30  min  for  sensitization  pre¬ 
treatment;  the  sensitized  Mn02  was  separated  and  washed  with  DI 
water  and  redistributed  into  40  ml  of  water  to  form  a  suspension. 
(2)  PdCl2  (MP  Biomedicals)  was  prepared  as  an  aqueous  solution 
with  a  concentration  of  0.0225  M.  An  amount  of  1  ml  of  the  PdCl2 
solution  was  added  to  the  Mn02  suspension  drop  by  drop  while 
stirring  constantly.  (3)  40  ml  of  a  0.05  M  citric  acid  solution  (MP 
Biomedicals)  was  added  to  the  PdCl2/Mn02  aqueous  solution.  (4) 
The  pH  value  of  the  suspension  was  adjusted  to  about  8  by  adding 
1  MofaKOH  (Acros,ACS  grade)  solution.  (5)  10mlofNaBH4  (Strem 
Chemicals)  with  a  concentration  of  0.1  M  was  added  to  the  suspen¬ 
sion  drop  by  drop.  (6)  After  30  min,  the  solid  precipitate  was  filtered, 
using  a  Buchner  filter  funnel,  and  washed  with  DI  water  until  the 
pH  of  the  filtrate  became  7.  (7)  The  prepared  sample  was  dried 
overnight  in  an  oven  at  80  °C  with  a  negative  pressure  of  25  PSI. 

In  the  procedures  described  above,  the  amount  of  the  PdCl2 
solution  that  was  added  to  the  Mn02  suspension  during  step 
(2)  was  used  to  determine  the  molar  ratio  of  Pd  to  Mn  in  the 
catalyst.  For  example,  when  1  ml  of  the  PdCl2  solution  with  a 
concentration  of  0.0225  M  was  added  to  the  Mn02  suspension, 
the  catalyst  obtained  had  a  molar  ratio  of  Pd  to  Mn  of  1:99;  the 
weight  percentage  of  Pd  in  the  Pd@Mn02  catalyst  was  1.2wt.% 
(denoted  as:  1.2  wt.%Pd@Mn02).  Similarly,  by  increasing  the  vol¬ 
ume  of  PdCl2  added  to  the  Mn02  suspension,  catalysts  with  a 
Pd  to  Mn  molar  ratio  of  2:98,  4:96,  and  8:92  were  obtained, 
and  the  corresponding  weight  percentages  of  Pd  in  the  catalysts 
were  2.3%  (2.3  wt.%Pd@Mn02),  4.6%  (4.6  wt.%Pd@Mn02),  and  8.7% 
(8.7  wt.%Pd@Mn02),  respectively. 


2.2.  Physical  characterization 

Morphologies  of  the  prepared  catalysts  were  investigated  by 
using  a  Tecnai  G2  TWIN/BioTWIN  transmission  electron  micro¬ 
scope  (FEI  Company)  operated  at  80  kV.  X-ray  diffraction  (XRD) 
patterns  of  the  Mn02  and  Pd@Mn02  catalysts  were  recorded  with  a 
Siemens  X-ray  diffractometer  using  Cu  Ka  radiation  with  a  Ni  filter. 
The  tube  current  was  30  mA  with  a  tube  voltage  of  40  kV.  The  20 
angular  regions  between  10  and  90°  were  explored  at  a  scan  rate 
of  4°  min-1. 


2.3.  Electrochemical  characterization 

A  catalyst  ink  was  prepared  by  dispensing  5  mg  of  the  synthe¬ 
sized  catalyst,  5  mg  of  carbon  (Black  Pearls  2000,  CABOT),  and  50  [±1 
of  Nation  solution  (5wt.%,  Sigma-Aldrich)  into  5  ml  of  ethanol. 
For  the  comparison,  Palladium  black  (Strem  Chemicals)  ink  was 
prepared  using  the  same  procedure.  After  the  ink  was  sonically  pro¬ 
duced  in  an  ultrasonic  bath,  20  pi  of  the  catalyst  ink  was  transferred 
onto  the  surface  of  a  glassy  carbon  rotating  ring  disk  electrode 
(RRDE)  (5.0  mm  disk  diameter  with  a  platinum  ring,  Pine  Instru¬ 
ments).  After  evaporating  the  ethanol  via  air  flow,  a  thin  layer  of 
catalyst  was  formed  on  the  surface  of  the  disk  electrode.  The  RRDE 
was  mounted  to  a  rotator  (AFMSRCE,  Pine  Instruments)  and  charac¬ 
terized  by  either  an  advanced  electrochemical  system  M2273  (PAR) 
or  a  bipotentiostat  (AFCBP1,  Pine). 

The  electrochemical  experiments  were  carried  out  in  a  three- 
electrode  electrochemical  cell  with  a  jacket.  The  cell  temperature 
was  controlled  by  recycling  water  between  the  jacket  and  a  water 
bath  through  a  water  pump  (NESLAB).  The  working  electrode  was 
immersed  in  a  0.1  M  KOH  solution  saturated  with  either  argon  or 
oxygen  (Praxair).  A  gold  wire  was  used  as  a  counter  electrode.  An 
Hg/HgO  reference  electrode  was  used  through  a  salt  bridge,  and  all 
the  potentials  in  this  work  were  referred  to  the  Hg/HgO  in  a  0.1  M 
KOH  solution.  The  overpotential  of  the  working  electrode  toward 
the  ORR  was  determined  by  the  potential  applied  to  the  work¬ 
ing  electrode  and  the  equilibrium  potential  of  the  ORR  in  a  0.1  M 
KOH  solution  (E°  =  0.401  V  vs.  NHE).  The  thermodynamic  shift  of  the 
equilibrium  potential  of  the  ORR  with  temperature  was  corrected 
by  an  equation  reported  in  the  literature  [37]. 

Hydrogen  peroxide  production  in  the  oxygen-saturated  0.1  M 
KOH  solution  was  monitored  using  a  RRDE  with  a  polycrystalline 
Pt  ring  potential  biased  at  0.1  V  vs.  Hg/HgO  (collection  efficiency 
of  the  ring  electrode  N=/ring//disk  =  0.21 ).  Hydrogen  peroxide  yields 
were  calculated  with  the  equation  as  described  in  the  literature 
[38]. 

2.4.  Fuel  cell  performance  test 

The  synthesized  Pd@Mn02  catalysts,  together  with  15  wt.%  car¬ 
bon  (Black  Pearls  2000,  CABOT),  were  employed  to  prepare  a 
cathode  for  an  alkaline  fuel  cell  using  anion  exchange  membranes. 
Pt/C  (50  wt.%)  (Johnson  &  Matthey)  was  used  to  prepare  an  anode. 
The  catalyst  slurries  were  prepared  by  mixing  the  catalysts  with 
anion  ionomer  (20  wt.%)  and  ethanol  in  an  ultrasonic  bath  for  1  h. 
The  catalyst  slurries  were  pasted  onto  the  gas  diffusion  layers  (GDL 
LT 1 200-W,  Fuel  Cell  Store)  with  a  catalyst  loading  of  2.5  mg  cm-2  in 
both  the  cathode  and  the  anode.  The  membrane  electrode  assem¬ 
bly  (MEA)  was  formed  by  directly  pressing  the  prepared  anode  and 
cathode  onto  a  piece  of  polysulfone  membrane,  which  was  pre¬ 
pared  as  described  by  Wang  et  al.  [39].  The  prepared  MEA  was 
assembled  into  a  fuel  cell  and  tested  by  a  fuel  cell  testing  system 
(850e,  Scribner  Associates,  Inc.),  while  the  hydrogen  and  oxygen 
(100%  humidity)  were  fed  at  a  flow  rate  of  0.2 1pm. 

3.  Results  and  discussion 

3.1.  Physical  characterization 

Fig.  la  shows  the  XRD  patterns  of  the  prepared  Mn02  materi¬ 
als  and  can  be  indexed  as  a  pure  tetragonal  phase  [space  group: 
P42\mnm  (136)]  of  p-Mn02  with  lattice  constants  a  =  4.3980  A  and 
c  =  2.8760 A  (PDF#24-0735).  Fig.  lb,  c  shows  the  XRD  patterns  of 
the  Pd-coated  Mn02  catalysts  with  a  Pd  coating  of  1.2  wt.%  and 
8.7  wt.%,  respectively.  When  the  Mn02  was  coated  with  Pd,  small 
peaks  located  at  about  40.1°,  46.7°,  68.1°  were  observed.  Accord- 


W.  Sun  et  al.  /  Journal  of  Power  Sources  196(2011)  4491-4498 


4493 


Fig.  1.  X-ray  diffraction  (XRD)  patterns  for  the  synthesized  Pd@Mn02  catalysts  (b,  c). 
The  results  for  the  uncoated-MnC^  (a)  and  Pd  black  (d)  are  included  for  comparison. 


ing  to  the  powder  diffraction  file  (PDF#65-2867),  the  peaks  were 
attributed  to  the  Pd(lll),  Pd(2  0  0)  and  Pd(2  2  0),  respectively, 
which  were  also  confirmed  by  XRD  patterns  of  Pd  black  catalysts 
(with  average  particle  size  of  17.2  nm).  These  peaks  became  much 
more  obvious  when  the  Pd  was  increased  to  8.7  wt.%.  For  the  sam¬ 
ple  of  1.2  wt.%Pd@Mn02  (Fig.  lb),  some  peaks  that  belonged  to 
MnSn(OH)6  were  observed  (PDF#25-0553),  which  indicates  that  a 
small  amount  of  MnSn(OFI)6  existed  in  the  catalyst.  MnSn(OFI)6  can 
form  during  the  Mn02  sensitization  process  in  an  alkaline  media. 
As  a  reducing  reagent,  MnSn(OFI)6  can  reduce  Pd2+  to  Pd  on  the  sur¬ 
faces  of  the  Mn02  nanorods.  When  the  amounts  of  PdCl2  were  low, 
large  portions  of  the  Mn02  surfaces  still  had  MnSn(OH)6  that  had 
not  reacted.  When  the  amounts  of  PdCl2  were  increased,  the  sur¬ 
faces  of  the  Mn02  nanorods  were  covered  with  Pd,  and  MnSn(OH)6 
was  no  longer  observed  (shown  in  Fig.  lc). 

TEM  images  of  the  synthesized  Mn02  materials  are  shown  in 
Fig.  2a,  b.  Nanorod  crystals  with  diameters  of 40-50  nm  and  lengths 
of  500-1000  nm  can  be  observed  in  the  images.  The  surfaces  of  the 
Mn02  crystals  were  clean  and  smooth.  Fig.  2c-e  shows  TEM  images 
of  Pd-coated  Mn02  catalysts.  When  the  amount  of  Pd  coating  was 
2.3  wt.%  (Fig.  2c),  Pd  particles  were  observed  on  the  Mn02  nanorods. 
Their  average  diameter,  estimated  from  the  TEM  images,  was  about 
lOnm.  When  the  amount  of  Pd  coating  increased  to  4.6  wt.%,  the 
number  of  Pd  particles  increased  and  the  estimated  diameter  of  Pd 
particles  increased  to  about  25  nm.  When  the  amount  of  Pd  coating 
increased  to  8.7  wt.%,  most  of  the  surfaces  of  the  Mn02  nanorods 
were  covered  by  the  Pd  particles  and  the  Pd  particles  can  no  longer 
be  easily  distinguished  individually.  From  the  TEM  and  XRD  results, 


we  can  conclude  that  we  have  successfully  synthesized  Pd-coated 
Mn02  nanorod  catalysts  using  the  methods  described  in  Section 
2. 

3.2.  Cyclic  voltammetry 

Fig.  3a  shows  the  cyclic  voltammetry  (CV)  curves  of  the  Mn02 
and  Pd@Mn02  catalysts  in  0.1  M  KOFI  solutions  saturated  with 
argon.  For  the  uncoated  p-Mn02,  a  featureless  CV  curve  was 
observed.  In  the  potential  range  from  -0.80  to  0.40  V,  the  CV  curve 
of  the  p-Mn02  revealed  a  high  charging-discharging  pseudoca- 
pacitive  current,  which  agrees  with  what  was  reported  by  others 
[40,41  ].  For  the  Pd@Mn02  catalysts,  the  pseudocapacitive  currents 
were  reduced  significantly  due  to  the  Pd  coverage  on  the  Mn02 
surface.  Flowever,  a  clear  peak  appeared  at  about  -0.24  V  during 
the  cathodic  scanning.  Compared  to  the  CV  curves  of  the  Pd  black 
in  alkaline  media  (top  of  Fig.  3a)  and  what  have  been  reported 
[42,43],  the  peak  could  be  attributed  to  the  reduction  of  PdO. 
When  the  Pd  loadings  on  the  Mn02  increased,  the  peak  current  at 
-0.24  V  increased  accordingly.  The  synthesized  Pd@Mn02  catalysts 
show  some  characteristics  similar  to  those  observed  on  Pd  black 
catalysts. 

In  order  to  further  distinguish  the  difference  of  the  electrocat- 
alytic  properties  between  the  Mn02  and  the  Pd@Mn02  catalysts, 
the  catalysts  were  mixed  with  carbon  material  (Black  Pearls  2000, 
50  wt.%)  to  improve  their  electrical  conductivity.  The  CV  curves  of 
carbon-mixed  Mn02  and  Pd@Mn02  catalysts  (denoted  as  MnO 2/C 
and  Pd@Mn02/C,  respectively)  are  shown  in  Fig.  3b.  The  CV  curve 
of  the  carbon-supported  uncoated  Mn02  catalyst  shows  a  quasi- 
reversible  characteristic,  which  agrees  with  previously  reported 
results  [27].  During  the  cathodic  scanning,  a  significant  sluggish 
reduction  peak  appeared  between  0  and  -0.2  V.  Small  reduction 
peaks  appeared  at  about  -0.2  V  and  -0.27  V.  A  small  peak  was  also 
observed  at  about  -0.7  V.  According  to  previously  reported  XANES 
results  [28],  these  peaks  may  be  ascribed  to  the  reduction  of  Mn(IV) 
to  Mn(III)  at  about  -0.1  V,  then  through  Mn304  ( — 0.27  V)  and  con¬ 
verted  to  Mn(II)  at  about  -0.7  V.  During  the  anodic  scanning,  an 
obvious  oxidation  peak  was  observed  at  about  0.05  V,  which  could 
be  ascribed  to  the  oxidation  of  Mn(II)  to  Mn(III).  When  Mn02  was 
coated  with  Pd  nano-particles,  the  cathodic  peaks  located  at  -0.1  V 
and  the  anodic  peak  located  at  0.05  V,  related  to  the  changes  of 
the  Mn  valence  states,  can  still  be  observed  though  the  peaks  are 
greatly  weakened.  With  the  increase  of  Pd  loading,  the  peak  that 
belongs  to  the  reduction  of  PdO  (- — 0.24  V)  appeared  and  became 
significant,  and  the  Pd  oxidation  current  increased  at  the  potential 
higher  than  0.2  V.  In  the  CV  curve  of  Pd  black/C,  the  peaks  located 
in  the  range  of  -0.7  V  to  -0.6  V  can  be  attributed  to  the  hydrogen 
adsorption  and  desorption  [44].  Because  the  amount  of  Pd  loading 
in  the  Pd@Mn02  catalysts  was  very  small,  the  hydrogen  adsorp¬ 
tion  and  desorption  peaks  in  this  region  became  less  noticeable 
for  the  catalysts  with  or  without  carbon.  The  CV  results  confirmed 
that  Pd  was  coated  on  the  surface  of  the  Mn02,  and  the  coated  Pd 
had  different  electrochemical  characteristics  from  the  pure  Pd  black 
catalyst. 

3.3.  RDE  measurements 

Fig.  4a  shows  the  ORR  anodic  polarization  curves  obtained  on  the 
Pd@Mn02  catalysts  without  carbon.  As  a  comparison,  the  results  of 
pure  |3-MnC)2  are  also  shown  in  this  figure.  From  the  ORR  polariza¬ 
tion  curves,  we  can  see  that  the  activity  of  the  pure  |3-Mn02  toward 
the  ORR  is  much  lower  compared  to  the  Pd@Mn02  catalysts.  When 
the  p-Mn02  was  coated  with  Pd  (4.6  or  higher  wt.%),  the  ORR  onset 
potential  and  half-wave  potentials  (E^)  on  the  Pd@Mn02  catalysts 
shifted  positively  by  more  than  250  mV,  which  can  be  due  to  that 
most  of  the  surface  of  the  Mn02  was  covered  by  Pd  nano-particles. 
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Fig.  2.  TEM  images  of  synthesized  Mn02  (a,  b)  and  Pd@Mn02  catalysts  with  Pd  2.3  wt.%  (c);  4.6  wt.%  (d)  and  8.7  wt.%  (e). 


(Fig.  2d)  and  the  ORR  mainly  occurred  on  the  surface  of  the  Pd.  In 
addition,  the  coating  of  Pd  may  have  increased  the  electronic  con¬ 
ductivity  of  the  nanosized  Mn02  particles,  which  is  similar  to  what 
observed  with  silver  on  the  Mn02  [45].  However,  the  ORR  onset 
(and  £^2)  potentials  and  the  limiting  currents  on  the  Pd@Mn02 
catalysts  are  still  not  as  high  as  that  on  the  Pd  black  catalysts. 

Fig.  4b  shows  the  ORR  polarization  curves  obtained  on  the 
Pd@Mn02  catalysts  mixed  with  carbon.  By  comparing  Fig.  4a  and 
b,  we  can  see  the  effect  of  carbon  on  the  activity  of  the  various 
catalysts :  from  the  polarization  curve  of  the  Pd  black  with  and  with¬ 
out  carbon,  it  appears  that  the  effect  of  carbon  was  not  significant. 
However,  the  effect  of  carbon  on  the  activity  of  p-Mn02  is  quite 
obvious.  The  onset  potential  shifted  positively  about  150  mV;  the 
current  density  at  -0.6  V  increased  4  times  and  reached  the  lim¬ 
iting  state.  This  can  be  explained  by  the  synergetic  effect  between 
carbon  and  Mn02  [16].  As  for  the  Pd@Mn02  catalyst,  the  effect  of 
carbon  on  the  onset  potential  and  limiting  current  density  was  in- 
between  of  those  on  Pd  and  Mn02.  For  example,  the  current  density 
of  the  4.6  wt.%Pd@Mn02/C  catalyst  increased  2  times  and  reached 
a  limiting  state  of  6.8  mA cm-2,  the  same  as  the  limiting  current 
density  of  Pd  black/C  catalyst.  All  the  carbon  supported  Mn02  and 
Pd@Mn02  catalysts  show  more  positive  ORR  onset  and  E^2  poten¬ 
tials,  and  higher  limiting  currents  than  that  on  the  carbon  support 
alone,  which  indicated  that  the  Mn02  played  a  beneficial  role  for 
promoting  the  ORR  in  alkaline  media.  When  the  Pd  coating  on  the 
Mn02  was  low  (<4.6  wt.%),  the  beneficial  effect  of  the  Mn02  on  the 
ORR  was  more  significant  because  the  surface  of  the  Mn02  was 


not  completely  covered  by  the  Pd  particles  as  observed  in  the  TEM 
images  and  the  CV  results.  With  the  increasing  of  the  Pd  coatings, 
the  role  that  Pd  played  became  more  significant.  But  the  beneficial 
role  of  Mn02  cannot  be  ignored. 

Fig.  5  shows  the  kinetic  current  density  and  mass  activity  of 
various  catalysts  normalized  by  the  Pd  mass.  For  proton  exchange 
membrane  (PEM)  fuel  cells,  the  kinetic  current  of  the  catalysts 
at  0.9  V  (vs.  RHE)  is  usually  used  to  calculate  the  mass  activity 
[46].  Here  we  obtained  the  kinetic  current  density  at  -0.090  V  (vs. 
Hg/HgO),  which  corresponded  to  the  same  overpotential  as  0.9  V 
in  a  PEM  fuel  cell.  From  Fig.  5,  we  can  see  that  the  kinetic  cur¬ 
rent  density  of  Pd  black/C,  17.8  mA cm-2,  is  much  higher  than  all 
the  prepared  Pd@Mn02/C  catalysts.  However,  the  mass  activities 
of  Pd@Mn02/C  catalysts  were  significantly  higher  than  that  on  Pd 
black/C  catalysts.  With  the  increasing  Pd  coatings,  the  mass  activ¬ 
ity  of  the  Pd@Mn02/C  catalysts  also  increased.  When  the  Pd  was 
coated  with  8.7  wt.%,  the  mass  activity  became  2.5  times  higher 
than  that  of  Pd  black  under  the  same  experimental  conditions, 
which  can  be  attributed  to  the  high  surface  of  nano-Pd  particles 
on  Mn02  and  the  beneficial  effect  of  Mn02.  The  carbon-supported 
palladium  (Pd/C)  for  the  ORR  has  been  reported  [1,38].  A  com¬ 
parison  of  the  mass  activity  of  the  Pd/C  and  Pd@Mn02  catalysts, 
the  8.7  wt.%  Pd@Mn02  catalyst  shows  similar  mass  activity  as  the 
Pd/C  (0.5  mA  fig-1)  with  particle  size  ~17nm,  and  less  than  the 
Pd/C  with  small  nano-particle  size  (3  nm)  [1  ].  After  optimizing  the 
morphology  of  Pd  coating  on  the  Mn02,  the  ORR  activities  of  the 
Pd@Mn02/C  catalyst  will  be  further  improved. 
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Fig.  3.  Cyclic  voltammograms  of  the  Pd@Mn02  catalysts  (a)  and  Pd@Mn02/C  catalysts  (b)  in  a  0.1  mol  L-1  KOH  solution  saturated  with  argon  at  room  temperature.  The  scan 
rate  was  10  mV  s-1 .  The  rotating  speed  was  1600  rpm. 


3.4.  ORR  selectivity  on  Pd-coated  Mn02  catalysts 

The  selectivity  of  the  catalyst  toward  the  ORR  was  studied  using 
RRDE  measurements.  The  RRDE  test  results  are  shown  in  Fig.  6.  The 
obtained  H2O2  yields  are  shown  in  Table  1.  As  a  benchmark,  the 
H202  yield  on  the  Pd  black/C  was  measured;  the  yield  was  as  low 
as  1.4%,  which  is  in  agreement  with  the  Pd/C  and  Pt/C  catalysts 
at  room  temperature  [38,47].  The  H202  yield  on  the  p-Mn02/C 


catalyst  was  obtained  at  about  5.4%.  For  the  1.2  wt.%Pd@Mn02/C 
catalyst,  a  reduction  in  the  H202  yield  (~4.6%)  was  observed.  With 
the  increase  of  Pd  coating  to  either  2.3  wt.%  or  4.6wt.%,  the  H202 
yield  further  decreased  to  3.6%  and  2.9%,  respectively.  When  the 
coating  of  Pd  increased  to  8.7  wt.%,  the  H202  yield  decreased  to 
1 .9%,  which  was  very  close  to  that  observed  on  the  Pd  black/C,  1 .4%. 
The  RRDE  results  indicated  that  the  surfaces  of  the  Mn02  particles 
were  mostly  covered  by  the  Pd  coating  when  the  Pd  coating  was 


Fig.  4.  Polarization  curves  of  the  Pd@Mn02  catalysts  (a)  and  Pd@Mn02/C  catalysts  (b)  in  a  0.1  molL-1  KOH  solution  saturated  with  oxygen  at  room  temperature.  The  scan 
rate  was  10  mV  s_1.  The  rotating  speed  was  2500  rpm. 
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Table  1 

The  H02“  fractional  yields  obtained  from  RRDE  experiments. 


Mn02 

1.2  wt.%  Pd@Mn02/C 

2.3  wt.%  Pd@Mn02/C 

4.6  wt.%  Pd@Mn02/C 

8.7  wt.%  Pd@Mn02/C 

Pd  black/C 

H02_  fractional  yields 

5.4% 

4.6% 

3.6% 

2.9% 

1.9% 

1.4% 

Pd  black/C  2.3wt.%Pd@Mn02/C  4.6wt.%Pd@Mn02/C  8.7wt.%Pd@MnOz/C 


Fig.  5.  Kinetic  current  density  of  the  Pd@Mn02/C  catalysts  obtained  at  -0.09  V  (vs. 
Hg/HgO,  0.1  M  KOH)  from  Fig.  4b  and  corresponding  mass  activity  in  terms  of  Pd 
mass. 

higher  than  4.6  wt.%  and  showed  similar  ORR  characteristics  to  that 
of  Pd/C. 

3.5.  Activation  energy  of  the  catalyst  toward  ORR 

Fig.  7a,  b  shows  the  Tafel  plots  of  the  ORR  on  the  Pd@Mn02/C 
catalysts  with  Pd  coating  at  4.6  wt.%  and  8.7  wt.%  at  various  tem¬ 
peratures.  The  Tafel  plots  were  derived  from  the  ORR  polarization 
curves  at  the  corresponding  temperatures  with  a  rotation  rate  at 
2500  rpm.  The  Tafel  plots  can  be  divided  into  two  regions:  (1 )  when 
the  potential  is  higher  than  -0.15  V  (vs.  Hg/HgO),  the  Tafel  slope  is 


-0.8  -0.6  -0.4  -0.2  0.0  0.2  0.4 

E  /  V  vs.  Hg/HgO 

Fig.  6.  The  RRDE  experimental  results  of  the  Pd@Mn02/C  catalysts.  KOH  solution: 
0.1  mol  L-1,  saturated  with  oxygen;  scan  rate:  10  mV s-1 ;  rotating  speed:  2500  rpm. 
The  potential  of  the  ring  electrode  was  set  to  0.1  V  (vs.  Hg/HgO). 


about  56mVdec_1  for  4.6  wt.%  Pd@Mn02/C  and  61  mV  dec-1  for 

8.7  wt.%  Pd@Mn02/C;  (2)  when  the  potential  is  lower  than  -0.1 5  V 
(vs.  Hg/HgO),  the  Tafel  slope  is  about  128  mV  dec-1  for  4.6  wt.% 
Pd@Mn02/C  and  132  mV  dec”1  for  8.7  wt.%  Pd@Mn02/C.  The  Tafel 
slope  at  a  low  overpotential  was  maintained  at  about  60  mV  dec-1 , 
which  is  in  agreement  with  that  of  Pd  black  (shown  in  Fig.  7a)  and 
Pd/C  [38].  This  suggests  that  the  catalytic  mechanism  for  the  ORR 
on  the  Pd@Mn02/C  catalyst  is  likely  to  be  similar  to  that  of  the  Pd 
catalyst  [48,49].  On  both  the  4.6  wt.%Pd@Mn02/C  and  the  8.7  wt.% 
Pd@Mn02/C  catalysts,  the  kinetic  currents,  ik,  increased  continu¬ 
ously  with  the  increase  of  temperature.  It  was  also  observed  that 
the  kinetic  current  of  the  8.7  wt.%Pd@Mn02/C  catalyst  was  slightly 
higher  than  that  of  the  4.6  wt.%  Pd@Mn02/C  catalyst  at  a  fixed 
potential.  Fig.  7c  shows  the  Arrhenius  plots  of  the  ORR  on  both 
the  4.6  wt.%  Pd@Mn02/C  and  the  8.7  wt.%  Pd@Mn02/C  catalysts. 
The  ORR  apparent  activation  energies  were  calculated  from  the 
Arrhenius  plots,  and  the  result  are  shown  in  Table  2.  The  activa¬ 
tion  energy  of  the  ORR  on  the  4.6  wt.%  Pd@Mn02/C  decreased  from 

30.7  kj  mol-1  to  22.2  kj  mol-1  when  the  overpotential  increased 
from  0.30  V  to  0.40  V.  At  the  same  overpotential,  the  activation 
energy  of  the  8.7  wt.%  Pd@Mn02/C  was  lower  than  that  of  the 
4.6  wt.%  Pd@Mn02/C.  Jiang  et  al.  reported  that  the  activation  energy 
of  Pd/C  was  30-40  kj  mol-1  when  the  overpotential  was  in  the 
range  of  0.3-0.4  V  [38].  Our  results  show  that  the  activation  energy 
of  Pd@Mn02/C  is  in  the  same  range  as  that  of  Pd/C  and  Pt/C  catalysts 
[38]. 

3.6.  Fuel  cell  performance  test 

Fig.  8  shows  the  galvanostatic  current  (i)-voltage  (E)  curves 
and  power  curves  of  performance  of  anion  exchange  membrane 
fuel  cells  (AEMFCs)  that  were  assembled  using  different  cathodes 
(built  with  4.6wt.%Pd@Mn02/C  and  (3-MnO 2/C  catalysts,  respec¬ 
tively)  but  identical  anodes  and  membranes.  The  i-E  curves  were 
recorded  point-by-point  with  increasing  current.  The  performance 
of  the  AEMFCs  was  dependent  on  the  cathode  catalyst  used.  The 
results  show  that  the  OCV  of  the  fuel  cell  using  Pd@Mn02/C  was 
1.02  V,  about  120  mV  higher  than  that  of  the  |3-Mn02 /C.  The  fuel 
cell  using  Pd@Mn02/C  showed  a  much  higher  performance  com¬ 
pared  with  that  using  the  p-MnC^/C.  The  maximum  power  density, 
66mWcm-2,  was  almost  2  times  that  of  the  P-Mn02  without 
Pd  coating.  The  linear  region  of  the  i-E  curves  shows  that  the 
ohmic  polarization  of  the  MEA  using  the  Pd@Mn02/C  catalyst  is 
much  lower  than  that  of  the  p-MnO 2/C  MEAs,  which  indicated  a 
better  electronic  conductivity  on  the  Pd@Mn02  cathode  than  the 
p-Mn02/C  cathode.  The  fuel  cell  performance  test  results  demon¬ 
strated  that  the  Pd@Mn02  catalysts  can  be  successfully  used  in  the 
cathode  of  the  AEMFC.  Further  work  is  currently  being  carried  out 
to  improve  Pd  utilization  and  the  performances  of  the  Pd@Mn02 
catalysts  and  the  fuel  cell. 


Table  2 

The  calculated  activation  energy  of  the  Pd@Mn02/C  catalysts  at  different 
overpotentials. 


Overpotential,  V 

0.30 

0.35 

0.40 

4.6  wt.%  Pd@Mn02/C,  kj  mol-1 

30.7 

28.5 

22.2 

8.7  wt.%  Pd@Mn02/C,  kjmol-1 

28.8 

27.3 

21.7 
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corresponding  Arrhenius  plots  at  overpotentials  of  0.30,  0.35,  and  0.40  V  between  23  °C  and  50  °C  (c).  The  electrolyte  of  0.1  M  KOH  was  saturated  with  02.  The  scan  rate  was 
10mVs_1. 


Fig.  8.  Performance  of  the  alkaline  fuel  cell  using  4.6  wt.%  Pd@Mn02/C  catalyst  and 
uncoated  |3-Mn02  in  the  cathode.  The  temperature  was  60  °C,  and  the  backpressure 
was  10PSI. 


4.  Conclusion 

A  Pd-coated  P-Mn02  nanorod  catalyst  was  synthesized.  TEM, 
XRD,  and  electrochemical  characterization  confirmed  that  Pd  dom¬ 
inated  the  surfaces  of  the  p-Mn02  particles  when  they  were  coated 
with  more  than  4.6  wt.%.  The  Pd-coated  catalyst  showed  higher 
activity  toward  ORR  than  the  uncoated  Mn02  catalyst:  when  the 
Pd  coating  was  higher  than  4.6  wt.%,  the  onset  potential  and  half 
wave  potential  of  the  Pd@Mn02  catalyst  shifted  positively  by  more 
than  250  mV  compared  to  that  of  the  pure  Mn02  catalyst  to  a  value 


that  is  close  to  that  of  Pd  black.  For  the  same  4.6  wt.%  Pd@Mn02 
catalyst,  the  limiting  current  density  reached  6.8  mAcnrr2,  which 
is  comparable  to  that  of  Pd  black.  The  mass  activity  (based  on  Pd) 
of  the  synthesized  catalyst  increased  to  2.5  times  that  of  the  Pd 
black  catalyst.  The  higher  activity  of  the  synthesized  catalyst  was 
attributed  to  the  Pd  coating  on  the  surface  of  the  nano  rod  Mn02  and 
the  beneficial  role  of  Mn02.  The  coated  Pd  played  an  important  role 
in  the  ORR,  which  was  confirmed  by  Tafel  slopes  with  a  60  mV  dec-1 
at  low  overpotential,  and  the  activation  energies  were  very  close  to 
that  of  the  pure  Pd  catalysts.  The  low  cost  and  high  performance 
Pd@Mn02  catalysts  are  promising  as  cathodic  catalysts  in  alkaline 
fuel  cells. 
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